We assessed the ability of present-day environmental factors to explain the nonoverlapping range boundaries of Skistodiaptomus copepods in the northeastern USA. Variance partitioning using partial canonical correspondence analysis (CCA) attributed 21% of the variance in species occurrences to spatial location, 20% to spatially structured environmental variation, and 12% to environmental factors that are not spatially structured. Discriminant function analysis (DFA) aided our interpretation of the variance in species' occurrences attributed to spatially structured environmental variation. Skistodiaptomus pallidus lakes were discriminated from Skistodiaptomus oregonensis and Skistodiaptomus pygmaeus lakes along a productivity gradient, with S. pallidus occurring in more productive lakes. In contrast, S. oregonensis and S. pygmaeus lakes were environmentally similar. Thus, a large portion of the spatially structured variation in the variance-partitioning analysis most likely reflected the shared correlations between the spatial locations and environmental conditions of S. pallidus lakes. Taken together, the results from CCA and DFA analyses suggested that S. pallidus' range boundary is controlled by environmental factors (lake productivity), while the range boundaries for S. oregonensis and S. pygmaeus were related more to their biogeographic histories than to present-day environments. We discuss alternative explanations for range limits that are independent of environmental conditions. Résumé : Nous avons évalué dans quelle mesure les facteurs environnementaux d'aujourd'hui permettent d'expliquer les répartitions des aires géographiques discrètes des copépodes Skistodiaptomus dans le nord-est des É.-U. Une partition de la variance par analyse des correspondantes canoniques (CCA) partielles attribue 21 % de la variance dans la présence des espèces à la position géographique, 20 % à de la variation environnementale à structure spatiale et 12 % à des facteurs environnementaux qui ne sont pas structurés en fonction de l'espace. Une analyse des fonctions discriminantes (DFA) a contribué à l'interprétation de la variance dans la présence des espèces attribuée à la variation environnementale reliée à l'espace. Les lacs à Skistodiaptomus pallidus se distinguent des lacs à Skistodiaptomus oregonensis et à Skistodiaptomus pygmaeus d'après un gradient de productivité, S. pallidus se retrouvant dans les lacs plus productifs. En revanche, les lacs à S. oregonensis et à S. pygmaeus possèdent des environnements semblables. Ainsi, une portion importante de la variation à structure spatiale dans l'analyse de partition de la variance reflète très vraisemblablement les corrélations communes entre les positions géographiques et les conditions environnementales des lacs à S. pallidus. Pris dans leur ensemble, les résultats des analyses CCA et DFA indiquent que les limites de l'aire de répartition de S. pallidus sont contrôlées par des facteurs environnementaux (productivité des lacs), alors que les limites d'aire de S. oregonensis et de S. pygmaeus sont reliées plus à leur histoire biogéographique qu'à leur environnement d'aujourd'hui. Des explications de rechange des limites d'aire qui sont indépendantes des conditions environnementales font l'objet d'une discussion.
Introduction
Species' ranges may reflect both contemporary ecological interactions and historical contingencies (Endler 1982a (Endler , 1982b . When dispersal opportunities are not limiting, species' ranges should reflect present-day variation in environmental conditions that define geographic boundaries between local habitats that do or do not support positive population growth (e.g., Caughley et al. 1987; Root 1988) . For example, range limits may be set by physiological constraints to abiotic conditions (e.g., Root 1988) , habitat selection (e.g., States 1976; Howard and Harrison 1984; Alkon and Saltz 1988) , or the presence of natural enemies that exclude them. However, geographic ranges may also be limited by factors that are not necessarily related to environmental conditions. For example, limitations to dispersal (e.g., dependence on continuous water routes) can influence species' range limits if dispersal opportunities are available in some but not all di-rections (Gaylord and Gaines 2000) . Similarly, populations may experience Allee effects that prevent range expansion beyond their current limits (Keitt et al. 2001) . Finally, range limits may be defined by biological interactions (e.g., interference competition, reproductive interference, hybridization) with adjacently distributed (parapatric) species, and these interactions need not be mediated by the environment (Bull 1991; Case et al. 2005) .
Biogeographic analyses of zooplankton distributions in areas of North America that were glaciated during the Pleistocene have revealed strong associations between the current distributions of many species and historical waterway connections (e.g., proglacial lakes) to presumed areas of glacial refugia (Dadswell 1974; Carter et al. 1980; Stemberger 1995) . While these associations suggest that dispersal limitation across wide biogeographic spatial scales contributes substantially to species' geographic range limits, they do not preclude an important role of contemporary environmental conditions for maintaining range limits. For example, strong correlations may exist between the geological history of an area and present-day environmental conditions. Moreover, zooplankton are thought to disperse effectively because of the prevalent production of resting stages that can presumably disperse readily through animal vectors (Maguire 1963; Proctor 1964 ). In addition, recent experimental evidence suggests that local processes are more important than dispersal limitation in determining local zooplankton composition across small spatial scales (Shurin 2000) . However, the influence of dispersal versus environmental limitations on zooplankton distributions may vary across taxa (Jenkins and Buikema 1998; Jenkins and Underwood 1998; Bohonak and Jenkins 2003) . Thus, biogeographic studies should explicitly test for an influence of contemporary environmental conditions and factors that are independent of the environment in determining species' ranges.
Copepods in the genus Skistodiaptomus that occur in the northeastern United States and adjacent Canada provide a unique opportunity to study the relative importance of presentday environmental factors versus other factors for determining species' range limits. Associations between current distributions and historical waterways suggest historical dispersal limitation to the large proglacial lakes that formed along the retreating edge of the Wisconsinan glacier, and these lakes ultimately connected to the isolated glacial refugia from which they likely colonized (Stemberger 1995; Fig. 1) . Moreover, these species do not appear to be as effective dispersers as other zooplankton groups (Stemberger 1995) , and thus their distributions may be limited by factors that are not necessarily related to present-day environmental conditions. However, differences in contemporary environmental conditions among lakes occupied by these species have not been explicitly evaluated as a factor maintaining Skistodiaptomus distributions.
A variety of statistical techniques have been developed to relate variance in species' occurrences to variance in environmental conditions (e.g., Legendre and Legendre 1998; ter Braak and Šmilauer 2002) . In addition, the inclusion of spatial locations (i.e., geographic location of lakes in the study area) as explanatory variables can be used to decompose the explained variance in species' occurrences into three fractions that correspond to (a) spatially independent environmental variance, (b) spatially structured environmental variance, and (c) pure spatial variance that is independent of environmental variance (Borcard et al. 1992) . If species' distributions correspond to variation in environmental factors, then the explained variance in species' occurrences should be attributed to either pure or spatially structured environmental variation. On the other hand, when species' distributions are limited by factors other than environmental conditions, we expect spatial location independent of environmental variation to largely explain species' occurrences. Thus, the relative importance of spatial and environmental variables can be used to infer the relative influence of contemporary environment in determining species' range limits.
Here we take advantage of a large data set of environmental conditions for lakes across the range boundaries of northeastern USA Skistodiaptomus to evaluate the relative influences of contemporary environmental differences versus factors unrelated to the environment in maintaining their distribution boundaries. We use partial canonical correspondence analysis (CCA; ter Braak 1986; Borcard et al. 1992; ter Braak and Šmilauer 2002) to determine the relative influences of environmental variables and spatial locations to explain Skistodiaptomus occurrences. We then use discriminant function analysis (DFA) to determine whether lakes occupied by different species are discriminated by local environmental conditions. Although similar to the CCA in its methodology, DFA is used to explicitly test the hypothesis that Skistodiaptomus species occupy lakes that are significantly different in their environmental conditions. The DFA allows multiple comparisons between species, which in turn facilitates the interpretation of the spatially structured environmental component (b) in the CCA. For example, discriminant functions that significantly distinguish Skistodiaptomus oregonensis lakes from Skistodiaptomus pygmaeus lakes indicate longitudinal gradients in environmental variables contributing heavily to that function, since these species are spatially segregated across the landscape along a longitudinal axis (see Fig. 1 ).
Using CCA and DFA in conjunction, we show that spatially structured environmental variation largely explains Skistodiaptomus pallidus occurrences, while spatial location independent of environmental variation explains the majority of variation in S. oregonensis and S. pygmaeus occurrences.
Materials and methods
Skistodiaptomus and environmental data were obtained from the US Environmental Protection Agency Environmental Monitoring and Assessment Program -Surface Waters survey of northeastern USA lakes (available from http://www.epa.gov/ emap/html/dataI/surfwatr/data/nelakes/index.html). This data set consists of 614 sampling dates for 373 lakes in New England, New Jersey, and New York during the months of July-August 1991-1996. Of these lakes, 253 were sampled once and 120 were sampled more than once (up to seven times). Six lakes were excluded because they lacked zooplankton data.
We selected a single sampling date from each of the lakes that were sampled more than once over the period of 1991-1996 to satisfy assumptions of statistical independence. We randomly selected a sampling date from each lake where a Skistodiaptomus was either present or absent on all visits (354 lakes). If a Skistodiaptomus was present in some but not all sampling visits, we randomly chose a sampling date from which the species was present (13 lakes) to maximize our power to discriminate among lakes inhabited by different species. Skistodiaptomus may have been present in some lakes without detection if the adult stages upon which species identifications are based were not observed. However, failure to detect Skistodiaptomus in some lakes did not bias our analyses because we only made statistical comparisons among lakes where Skistodiaptomus were present; we did not attempt to compare lakes with and without particular Skistodiaptomus. Sample sizes of lakes containing S. pallidus, S. oregonensis, and S. pygmaeus were 24, 34, and 72, respectively.
In all analyses, we related presence or absence data for Skistodiaptomus to a number of physicochemical, nutrient, hydrological, and biological variables (see Table 1 ). We used conductivity, pH, and acid-neutralizing capacity (ANC) as surrogates for all ion concentrations because they are highly correlated (r > |0.8|). We log 10 -transformed continuous variables such as chemical variables and species abundances to satisfy assumptions of normality and equal variance. Similarly, we square-root-transformed species richness variables. pH was not transformed, as it was already measured on a log scale. Because of negative values, ANC was transformed by taking the log 10 of the absolute value of each measurement and then adjusting the sign depending on the sign of the original measurement.
Influence of environmental versus spatial factors on Skistodiaptomus occurrences
We performed partial CCA (ter Braak 1986) using CANOCO, version 4.5 (ter Braak and Šmilauer 2002) for variance partitioning described by Borcard et al. (1992) . CCA is the preferred method for relating explanatory variables to presence or absence data (Legendre and Legendre 1998) . Briefly, three separate CCAs were performed: one using environmental variables, one using spatial variables, and one using both environmental and spatial variables. Because of the potential for shared portions of variance due to correlations between environmental variables and spatial location, the environmental CCA explains a fraction of variance (a + b) that includes a spatially structured component (b). Similarly, the spatial CCA explains a fraction of variance (b + c) that includes this same spatially structured environmental 
The pure environmental (a) and pure spatial (c) components can then be determined by subtraction:
We used the forward selection procedure in CANOCO and 1000 Monte Carlo permutation tests for selecting environmental (see Table 1 ) and spatial variables to include in the partial CCAs (ter Braak and Šmilauer 2002) with an α = 0.05. Spatial variables consisted of decimal degrees longitude and latitude coordinates of lake locations. Variables were included if they explained a significant amount of additional variance at α = 0.05. In addition, we inspected variance inflation factors (VIFs) and eliminated variables with VIFs > 20 (ter Braak and Šmilauer 2002).
Environmental differences among Skistodiaptomus lakes
We used DFA to determine if lakes occupied by different Skistodiaptomus species could be distinguished from one another based on their environmental conditions using STATISTICA, version 7.1 (StatSoft Software, Inc., Tulsa, Oklahoma).
As in the CCA, we chose the environmental variables to include in the DFA by using the forward selection procedure with α = 0.05. In addition, we only allowed variables with tolerances >0.1 to enter. Tolerance ranged from 0 to 1 and is a measure of the unique contribution of an environmental Note: Not all variables entered into the analyses significantly (α = 0.05; see text for details). ANC, acid-neutralizing capacity; PCU, platinum-cobalt units; NTU, nephelometric turbidity units. variable to the overall analysis -higher numbers reflect greater unique contribution to the analysis. We applied Levene's tests on all environmental variables to check for heterogeneity of variances among groups.
Predation by fish is a major factor structuring body size and species composition of zooplankton assemblages (Currie et al. 1999 ). We did not include any fish variables in our multivariate analyses because of missing data for many lakes (only 11 and 18 lakes with S. oregonensis and S. pallidus present, respectively, had fish data). To maintain the higher sample sizes for multivariate analyses, we analyzed the total counts of fish (which included young-of-the-year fish, juveniles, and adults) for all Skistodiaptomus lakes for which these data were available using univariate analysis of variance (ANOVA). These data were log 10 -transformed before analysis to satisfy the assumption of homogeneity of variances among groups. Collection effort was dependent on lake size and is described in Baker et al. (1997) .
Results

Influence of environmental versus spatial factors on Skistodiaptomus occurrences
Forward selection identified four environmental variables that entered significantly into the CCA: turbidity, total nitrogen, elevation, and pH. ANC was significant using forward selection but had a high VIF because of its high correlation with pH. Therefore, we included pH and eliminated ANC. All other environmental variables (see Table 1 ) failed to enter significantly into the analysis using forward selection criteria. Both longitude and latitude entered significantly into the model using a forward procedure with only spatial variables.
Spatial and environmental variables together explained 53% of the variation in Skistodiaptomus occurrences ( Table 2) . The majority (40%) of this variation was attributed to spatial location independent of the environment. In fact, forward selection revealed that longitude alone was the greatest single predictor of species occurrences (Table 3) . However, a pure spatially structured environmental component also contributed heavily to the explained variance (37%). Pure environmental variation explained the least amount of variance in species occurrences (23%). Moreover, the relative importance of environmental variables in explaining species occurrences decreased when spatial variables were also included (Table 3) . For example, elevation failed to explain any additional variance in species occurrences when spatial location was also considered (Table 3 ).
Environmental differences among Skistodiaptomus lakes
Seven environmental variables entered significantly into the DFA: pH, color, turbidity, total nitrogen, average lake depth, and elevation. Turbidity, total nitrogen, and pH contributed most heavily to discriminant function one (DF1), while elevation, turbidity, and average lake depth contributed most heavily to DF2 (Table 4) .
The DFA produced two canonical axes (discriminant functions) that were significant at α = 0.01. The overall DFA had a Wilks' λ (a measure of discriminatory power, where 0 is perfect discrimination and 1 is no discriminatory power) of 0.38. However, the second discriminant function had poor discriminatory power (Wilks' λ = 0.84). This poorer discriminatory power of the second discriminant function is because DFA partitions variance among groups such that the most variance is explained by the first axis, followed by the second axis, and so on.
Multiple comparisons of species indicated that the environments of lakes occupied by different Skistodiaptomus were significantly different at α = 0.001. A scatterplot of DF1 scores versus DF2 scores demonstrates that DF1 discriminates S. pallidus from S. oregonensis and S. pygmaeus, while 
Note:
Marginal λ refers to the variance in species occurrences explained by the variable alone. Conditional λ refers to the additional variance in species occurrences explained after the inclusion of other variables in the forward selection procedure. Variance components: pure environmental (a), spatially structured (b), and pure spatial (c). DF2 discriminates S. oregonensis from S. pallidus and S. pygmaeus (Fig. 2) . Although significantly different, examination of the classification of cases based on the discriminant functions revealed that S. oregonensis lakes were commonly misclassified as S. pygmaeus lakes (47% of S. oregonensis lakes misclassified as S. pygmaeus lakes). Skistodiaptomus pallidus and S. pygmaeus lakes were correctly classified as such in 75% and 90% of the cases, respectively. Finally, one-way ANOVAs performed on the total fish counts further supported strong environmental differentiation of lakes occupied by S. pallidus. Total fish counts significantly differed among lakes occupied by different Skistodiaptomus (F [2, 58] = 5.2, p = 0.008); Newman-Keuls multiple comparisons showed that S. pallidus lakes had significantly more fish (mean of log 10 -transformed data = 2.8, n = 18) than lakes having either S. pygmaeus (mean of log 10 -transformed data = 1.2, n = 33) or S. oregonensis (mean of log 10 -transformed data = 1.5, n = 11). However, total fish counts between S. oregonensis lakes and S. pygmaeus lakes did not significantly differ (Fig. 3) .
Discussion
The variance-partitioning CCA demonstrates that spatial location explains the vast majority of the variation in Skistodiaptomus occurrences in the northeastern USA. Although the largest component of variance is attributed to pure spatial variance independent of environmental variation (fraction a), spatially structured environmental variation (fraction b) also explains a sizeable fraction of Skistodiaptomus occurrences. The pure spatial component of variance is consistent with Stemberger's (1995) suggestion that dispersal limitation to historical waterway connections to isolated glacial refugia explains the nonoverlapping ranges of Skistodiaptomus in the northeastern USA. However, the spatially structured environmental component of variance suggests that landscape-level environmental gradients may also maintain these nonoverlapping boundaries.
DFA further revealed the relative contributions of spatial versus environmental factors accounting for Skistodiaptomus occurrences in northeastern lakes. In particular, it suggests that the northern range limit of S. pallidus in the northeastern USA is determined by environmental factors, while the eastern and western range limits of S. oregonensis and S. pygmaeus, respectively, are determined by spatial location independent of environmental variables.
Lakes occupied by S. pallidus were clearly different in their environmental characteristics from those occupied by S. oregonensis or S. pygmaeus. In short, S. pallidus lakes were more productive than S. oregonensis or S. pygmaeus lakes: they were more turbid and had higher total nitrogen and pH. In addition, S. pallidus lakes also had higher numbers of fish and smaller-bodied zooplankton assemblages dominated by high abundances of small cladocerans, early instars of cyclopoid copepods, and rotifers although these variables were either not included (i.e., fish data) or did not enter significantly into the overall DFA or CCA. Dominance by small-bodied species most likely reflected the intensity of size-selective predation by fish (Stemberger and Miller 2003) . However, lake productivity was also positively correlated with higher numerical abundances of small cladocerans, cyclopoid copepods, and rotifers (Stemberger and Lazorchak 1994) . Thus, S. pallidus occupation of more productive lakes may reflect either its physiological tolerance to abiotic conditions, its ability to prey on small zooplankton-like rotifers (Williamson and Butler 1987) , or its ability to reduce impacts on its population growth rate by effectively avoiding fish predators. Regardless of the biological mechanism, S. pallidus' northern boundary in the northeastern USA appears to be environmentally controlled by variables associated with higher productivity.
The environmental differences between S. pallidus lakes versus S. oregonensis and S. pygmaeus lakes are consistent with previous descriptions of S. pallidus. For example, cultural eutrophication of lakes has been recognized as a factor promoting S. pallidus' range expansion in the western USA (Byron and Saunders 1981) and Wisconsin (Torke 2001) from areas in which it historically occurred. Recent land use changes due to increased agricultural development in the southern region of our study area have occurred to a greater extent than in the northern region and may therefore explain why S. pallidus is the most dominant Skistodiaptomus in this region.
In contrast with S. pallidus, lakes occupied by S. oregonensis and S. pygmaeus were similar in the majority of environmental variables, with the exception of lake elevation: S. oregonensis tended to occur in higher-elevation lakes. However, lake elevation itself is spatially structured across the landscape: lakes in the western portions of our study area (where S. oregonensis occurs) are generally higher than in eastern portions (where S. pygmaeus occurs). In a separate DFA (not shown), we included longitude as an independent variable. The inclusion of longitude in the forward selection procedure resulted in the elimination of elevation as a significant variable in the model (p = 0.55). This indicates that the strong influence of lake elevation on the discrimination of S. oregonensis and S. pygmaeus lakes results from the correlation between lake location and elevation. Another DFA (not shown) where neither elevation of longitude was included resulted in insignificant differences between S. oregonensis and S. pygmaeus lakes (p = 0.25).
The slight difference in mean lake elevations between S. oregonensis and S. pygmaeus probably has little biological relevance and more likely reflects the influence of dispersal from geographically isolated glacial refugia, as suggested by Stemberger (1995) . The higher elevations of lakes currently occupied by S. oregonensis, particularly in the Adirondack province, are at much higher elevation today than they were at the onset of glacial retreat because of extensive isostatic rebound of the underlying bedrock since deglaciation. Although lake elevation can influence environmental conditions such as water chemistry (e.g., Webster et al. 1996; Webster et al. 2000) , elevation differences between S. oregonensis and S. pygmaeus lakes are not accompanied by environmental differences in other variables.
The environmental similarities among lakes occupied by S. oregonensis and S. pygmaeus suggest that factors other than contemporary environments may have played an important role in maintaining their historic range limits following their initial colonization of the northeastern USA at the end of the Pleistocene. As Stemberger (1995) suggested, dispersal limitation to water vector transport may have preserved the historical range limits of these two species following colonization of interior North America from isolated glacial refugia using the extensive proglacial lake and drainage connections. This interpretation implicitly invokes Allee effects that prevent range expansion beyond current limits (e.g., Keitt et al. 2001) , and there is some evidence that Allee effects may play an important role in determining occurrences for copepods. For example, weak overland dispersal ability and Allee effects appear to limit the ability of the diaptomid copepod Hesperodiaptomus shoshone to reestablish populations in ponds where it occurred before the introduction of fish populations, even after fish removal (Sarnelle and Knapp 2004) . However, zooplankton are generally thought to disperse effectively because of their production of resting stages that can be easily transported by animal vectors, such as birds (Maguire 1963; Proctor 1964; Figuerola et al. 2005) . Thus, dispersal limitation is not expected to be a major factor involved in limiting species' distributions (e.g., Shurin 2000) . An alternative explanation is that direct interactions between S. oregonensis and S. pygmaeus prevent their range overlap despite their dispersal abilities. Although models for competitive parapatry over homogeneous space are rare (Bull 1991) , one mechanism is reproductive interference (decreases in the reproductive fitness of females due to physical blocking or damaging of genitalia by indiscriminant mating with heterospecific males; Bull 1991; Case et al. 2005) . Skistodiaptomus oregonensis and S. pygmaeus males will mate readily with heterospecific females despite zero production of offspring (S. oregonensis males crossed with female S. pygmaeus) or the production of intrinsically incompatible offspring that die before their first molt (S. pygmaeus males crossed with S. oregonensis females; Thum 2004). Moreover, a recently completed experiment demonstrates that the presence of heterospecific males decreases the probability of successful fertilization of both S. oregonensis and S. pygmaeus females (R. Thum, unpublished data). Thus, there is a strong opportunity for reproductive interference, which has been demonstrated to maintain stable parapatry (Anderson 1977; Bull 1991; Case et al. 2005) .
It is possible that our analysis failed to incorporate some spatially structured environmental variables that influence Skistodiaptomus occurrences (Legendre and Legendre 1998) , and 37% of the variance in species occurrences remains unexplained. This explanation is unlikely because important environmental variables that we failed to incorporate would have to be uncorrelated with all of the variables that we included, and this list is comprehensive.
Separating the influence of history and contemporary environmental factors that explain occurrences of these species will likely require a variety of investigations that address alternative hypotheses, as suggested by Endler (1982b) . Our analyses make important headway on untangling the relative influences of contemporary environmental factors and historical contingencies in determining species' ranges. Specifically, we extend our understanding of the drivers of range limits for zooplankton following colonization from Pleistocene refugia. Previous interpretations of zooplankton distributions in the northeastern USA and Canada were based almost solely on spatial occurrence data (e.g., Dadswell 1974; Carter et al. 1980; Stemberger 1995) ; we have explicitly incorporated environmental and spatial factors into a single analysis. Our results suggest that environmental factors related to lake productivity may limit the spread of some zooplankton species that expanded from their Pleistocene refugia following glacial retreat. However, environmental similarities among lakes occupied by different species of these copepods suggest that factors other than environmental differences have prevented the spread of some species from the areas they originally colonized via extensive waterway connections following ice sheet retreat. Further investigation of alternative hypotheses for range limits that do not depend on environmental conditions should broaden our understanding of the interactions between species' ecologies and their histories in determining geographic ranges.
